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Abstract²7ULERORJLFDO SURSHUWLHV WKDW LQFOXGH QDQRSDUWLFOHV DUH
DQDOWHUQDWLYHWRLPSURYHWKHWULERORJLFDOEHKDYLRXURIOXEULFDWLQJRLO
ZKLFK KDV EHHQ LQYHVWLJDWHG E\ PDQ\ UHVHDUFKHUV IRU WKH SDVW IHZ
GHFDGHV 9DULRXV QDQRVWUXFWXUHV FDQ EH XVHG DV DGGLWLYHV IRU
WULERORJLFDO LPSURYHPHQW +RZHYHU WKLV DOVR GHSHQGV RQ WKH
FKDUDFWHULVWLFV RI WKH QDQRSDUWLFOHV ,Q WKLV VWXG\ WULERORJLFDO
LQYHVWLJDWLRQ ZDV SHUIRUPHG WR H[DPLQH WKH HIIHFW RI &X2
QDQRSDUWLFOHV RQ WKH WULERORJLFDO EHKDYLRXU RI Syntium  6/
:í7KUHHSDUDPHWHUVXVHGLQWKHDQDO\VLVXVLQJWKHZHDUWHVWHU
SLVWRQ ULQJ ZHUH ORDG UHYROXWLRQV SHU PLQXWH USP DQG
FRQFHQWUDWLRQ 7KH VSHFLILFDWLRQV RI WKH QDQRSDUWLFOHV VXFK DV VL]H
FRQFHQWUDWLRQ KDUGQHVV DQG VKDSH FDQ DIIHFW WKH WULERORJLFDO
EHKDYLRXU RI WKH OXEULFDQW 7KH IULFWLRQ DQG ZHDU H[SHULPHQW ZDV
FRQGXFWHG XVLQJ D WULERWHVWHU DQG WKH 5HVSRQVH 6XUIDFH
0HWKRGRORJ\PHWKRGZDV XVHG WR DQDO\VH DQ\ LPSURYHPHQW RI WKH
SHUIRUPDQFH7KHUHIRUH WZR FRQFHQWUDWLRQV RI  QP QDQRSDUWLFOHV
ZHUHXVHGWRFRQGXFWWKHH[SHULPHQWVQDPHO\ZWDQG
ZW DQG FRPSDUHG ZLWK EDVH RLO ZW FRQWURO $ ZDWHU EDWK
VRQLFDWRUZDVXVHG WRGLVSHUVHWKHQDQRSDUWLFOHV LQEDVHRLOZKLOHD
WULERWHVWHUZDVXVHG WRPHDVXUH WKHFRHIILFLHQWRI IULFWLRQDQGZHDU
UDWH,QDGGLWLRQWKHWKHUPDOSURSHUWLHVRIWKHQDQROXEULFDQWZHUHDOVR
PHDVXUHG 7KH UHVXOWV KDYH VKRZQ WKDW WKH WKHUPDO FRQGXFWLYLW\ RI
WKH QDQROXEULFDQW ZDV LQFUHDVHG ZKHQ FRPSDUHG ZLWK WKH EDVH RLO
7KHUHIRUHWKHUHVXOWVLQGLFDWHGWKDW&X2QDQRSDUWLFOHVKDGLPSURYHG
WKH WULERORJLFDO EHKDYLRXU DV ZHOO DV WKH WKHUPDO SURSHUWLHV RI WKH
QDQROXEULFDQWRLO

Keywords²&RQFHQWUDWLRQ LPSURYHPHQW WULERORJLFDO &RSSHU
,,R[LGHQDQROXEULFDQW
,,1752'8&7,21
(9(5$/UHVHDUFKSDSHUVKDYH UHSRUWHG WKDW WKHDGGLWLRQ
RI QDQRSDUWLFOHV WR OXEULFDQW LV HIIHFWLYH IRU LPSURYLQJ
WULERORJLFDO EHKDYLRXU LQ WKHPHFKDQLFDO V\VWHP >@>@2XU
WHFKQRORJ\GULYHQ FLYLOL]DWLRQ H[SDQGV \HDU E\ \HDU DQG WKH
FRQVHUYDWLRQ RI PDWHULDOV DQG HQHUJ\ LV LPSRUWDQW
1DQRSDUWLFOHV DUH EHLQJ KDLOHG DV RQH RI UHYROXWLRQDU\
WHFKQRORJ\RI WKH VW FHQWXU\$FFRUGLQJ WR >@>@ VHYHUDO
FKDUDFWHULVWLFV PXVW EH FRQVLGHUHG ZKHQ DSSO\LQJ
QDQRSDUWLFOHV DV DQ DGGLWLYH LQ OXEULFDQWZKLFK LQFOXGH VL]H
VKDSHFRQFHQWUDWLRQDQGKDUGQHVV7KHIULFWLRQUHGXFWLRQDQG
DQWLZHDUEHKDYLRXUGHSHQGRQWKHVHFKDUDFWHULVWLFV+RZHYHU
HDFK FKDUDFWHULVWLF KDV GLIIHUHQW LQIOXHQFHV RQ WULERORJLFDO
EHKDYLRXU7KHDYHUDJHVL]HRIQDQRSDUWLFOHVXVHGLVEHWZHHQ
 DQGQP >@ >@7KH WULERORJLFDO EHKDYLRXU RI DSLVWRQ

0+6DNLQDK..DGLUJDPD'5DPDVDP\001RRU005DKPDQ
DUHZLWKWKH)DFXOW\RI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLWL0DOD\VLD3DKDQJ
3HNDQ3HNDQ3DKDQJ0DOD\VLD
0$+DVVDQ LVZLWK WKH )DFXOW\ RI0HFKDQLFDO (QJLQHHULQJ8QLYHUVLWL
0DOD\VLD 3DKDQJ 3HNDQ  3HNDQ 3DKDQJ 0DOD\VLD &RUUHVSRQGLQJ
DXWKRUHPDLODL]DWQLGD#JPDLOFRP
ULQJFRQWDFWKDVEHHQUHFRJQL]HGDVDQLPSRUWDQWLQIOXHQFHRQ
WKH SHUIRUPDQFH RI LQWHUQDO FRPEXVWLRQ HQJLQH LQ VHYHUDO
DVSHFWV VXFK DV KDUPIXO H[KDXVW HPLVVLRQV EORZE\ SRZHU
ORVWIXHOFRQVXPSWLRQDQGRLOFRQVXPSWLRQ>@$OXEULFDQW
ZLWK VROLG QDQRSDUWLFOHV FDQ UHGXFH WKH IULFWLRQ FRHIILFLHQW
ZKLOH VLPXOWDQHRXVO\ LQFUHDVH WKH ORDG FDUU\LQJ FDSDFLW\ RI
WKHOXEULFDQWIOXLG>@1RZDGD\VQRUPDOOXEULFDQWVVXFKDV
SHWUROHXP FRDOV DQG QDWXUDO JDVHV DUH LQ KLJK GHPDQG
+RZHYHU WKHVH QDWXUDO UHVRXUFHV KDYH WKHLU OLPLWDWLRQV DQG
ZLOO EH GHSOHWHG GXH WR KLJK IXHO FRQVXPSWLRQV DURXQG WKH
ZRUOG >@ $FFRUGLQJ WR ,GULV 9H]LU >@ GXULQJ WKH
PRYHPHQW RI WKH SLVWRQ ULQJ ZLWKLQ WKH GHDGFHQWUH RI WKH
F\OLQGHUWKHPD[LPXPIULFWLRQFRHIILFLHQWRFFXUUHGZKHUHWKH
OXEULFDQWLVPLQLPDODQGWKHSLVWRQULQJZDVDWDKLJKHUVSHHG
ZKLOH WKH PLQLPXP IULFWLRQ FRHIILFLHQW RFFXUUHG GXULQJ WKH
PLGVWRNH(WWHIDJKL$KPDGL>@KDYHVWDWHGWKDWWKHQDWXUDO
ZHDU DQG IULFWLRQ FRHIILFLHQW KDG LPSURYHG DW WKH VDPH WLPH
ZKHQ WKH YLVFRVLW\ RI WKH EDVH RLO KDG LQFUHDVHG ZLWK
LQFUHDVLQJFRQFHQWUDWLRQRI&XQDQRSDUWLFOHV
,QUHFHQW\HDUVPDQ\VWXGLHVKDYHVWXGLHGWKHDSSOLFDWLRQRI
QDQRSDUWLFOHV LQ WKH ILHOG RI OXEULFDWLRQ ,W KDV EHHQ UHSRUWHG
WKDW WKH FRQFHQWUDWLRQ RI QDQRSDUWLFOHV LQ WKH EDVHRLOV LV DQ
LPSRUWDQW SDUDPHWHU ZKLOH IRUPXODWLQJ D QDQROXEULFDQW
$FFRUGLQJ WR .RVK\ 5HMHQGUDNXPDU >@ RQH VLJQLILFDQW
REVHUYDWLRQLVWKDWLPSURYHPHQWVLQWKHGHVLUHGSURSHUW\RIWKH
EDVHRLOVRFFXUUHGZLWKORZFRQFHQWUDWLRQVRIQDQRSDUWLFOHV
A. Design of Experiment (DOE) 
6XFFHVVIXO H[SHULPHQWDWLRQ UHTXLUHV NQRZOHGJH RI WKH
LPSRUWDQWIDFWRUVWKDWFDQLQIOXHQFHWKHRXWSXW7KHGHVLJQRI
H[SHULPHQW DQG WKH VWDWLVWLFDO DQDO\VLV RI GDWD DUH WZR EDVLF
DVSHFWV LQ VFLHQWLILF H[SHULPHQWDWLRQ 5HVSRQVH VXUIDFH
PHWKRGRORJ\ RU 560 LV D PDWKHPDWLFDO DQG VWDWLVWLFDO
WHFKQLTXHWKDWLVXVHIXOIRUDQDO\VLQJDQGPRGHOOLQJDSUREOHP
WKDWPD\EHLQIOXHQFHGE\VHYHUDOYDULDEOHV7KHREMHFWLYHRI
XVLQJ WKHVH WHFKQLTXHV LV WR RSWLPL]H UHVSRQVHV 7KH 560
XVHVWKH%R[%HKQNHQGHVLJQGHYHORSHGWRUHTXLUHRQO\WKUHH
OHYHOV FRGHG DV   DQG  7KLV GHVLJQ PD\ EH XVHG WR
RSWLPL]H RQH RU PRUH UHVSRQVHV $FFRUGLQJ WR $OSDVODQ
$WPDQOÕ %HGUL <NVHO >@ WKH JHQHUDO VHFRQGRUGHU
SRO\QRPLDO UHVSRQVH VXUIDFH PDWKHPDWLFDO PRGHO IXOO
TXDGUDWLFPRGHO IRU WKH H[SHULPHQWDO GHVLJQ LV DV VKRZQ LQ


ܻ ൌ ߚᩳ ൅ σ ߚ௜ ௜ܺ௡௜ୀଵ ൅ σ ߚ௜௜ ௜ܺଶ௡௜ୀଵ ൅ σ ߚ௜௝ ௜ܺ  ௝ܺ௡௜Ǹଵ ൅ ᠁

ZKHUHYLVWKHUHVSRQVHDQGXiLVWKHYDOXHVRIWKHIDFWRUV
7ULERORJLFDO%HKDYLRXU,PSURYHPHQWRI/XEULFDQW
8VLQJ&RSSHU,,2[LGH1DQRSDUWLFOHVDV$GGLWLYH
0$+DVVDQ0+6DNLQDK..DGLUJDPD'5DPDVDP\001RRU005DKPDQ
6
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7KH WHUPVȕೊȕLȕLLDQGȕLMDUH WKHUHJUHVVLRQFRHIILFLHQWV
IRU GHWHUPLQLQJ WKH UHJUHVVLRQ HTXDWLRQ DQG WKH\ DOVR
UHSUHVHQW WKH UHVLGXDOPDWUL[7KH H[SHULPHQWDO UHVXOWV EDVHG
RQ WKH 560 PHWKRG KDYH EHHQ HVWDEOLVKHG ZLWK  
FRQILGHQFH7KHRSWLPXPYDOXHVRIWKHVHOHFWHGYDULDEOHVZHUH
REWDLQHGE\VROYLQJWKHUHJUHVVLRQHTXDWLRQXVLQJWKH$QDO\VLV
RI 9DULDQFH $129$ $129$ UHSUHVHQWV WKH UHODWLRQVKLS
EHWZHHQWKHSDUDPHWHUVZLWKWKHRYHUDOOSURFHVVSHUIRUPDQFH
7KH$129$ LV D VLPSOH LGHD RI LQWURGXFLQJ WKH QRZD\ RU
QRIDFWRU DQDO\VLV RI YDULDQFH WKDW EXLOGV XS WR RQHZD\ RU
RQHIDFWRUDQDO\VLVRIYDULDQFHDQGHYHQWXDOO\WRDPXOWLZD\
RUPXOWLIDFWRUDQDO\VLVRIYDULDQFH7KH0LQLWDEVRIWZDUH
ZDV XVHG WR JHQHUDWH WKH UHVSRQVH VXUIDFH SORWV DQG FRQWRXU
SORWV DV ZHOO DV RSWLPL]H WKH IDFWRUV XVHG WR UHGXFH WKH
WULERORJLFDOEHKDYLRXU>@

7$%/(,
)$&725$1'/(9(/)25(;3(5,0(17
)DFWRU 3DUDPHWHUVXQLWV /HYHO  
$ /RDG1   
% 6SHHGUSP   
& &RQFHQWUDWLRQZW   
B. Wear Rate 
:HDU WHVW LQYROYHVPDNLQJD OLQHDUPRYHPHQW VLPLODU WR D
F\OLQGHUSLVWRQ ULQJ SDLU RSHUDWLQJ XQGHU UHDO FRQGLWLRQ >@
:HDU LV DQ LQWHUDFWLRQ EHWZHHQ WZR VXUIDFH VSHFLILFDOO\ WKH
UHPRYDODQGGHIRUPDWLRQRIWKHPDWHULDORIWKHVSHFLPHQRQD
VXUIDFH7KLVVWXG\LQYROYHGWKHDGKHVLYHZHDUIRXQGEHWZHHQ
VXUIDFHVGXULQJIULFWLRQDOFRQWDFWZKLFKQRUPDOO\UHIHUULQJ WR
XQZDQWHG GLVSODFHPHQW DQG DWWDFKPHQW RI ZHDU GHEULV
$FFRUGLQJ WR $JDUZDO 3DWQDLN >@ WKH ZHDU UDWH FDQ EH
FDOFXODWHGXVLQJ

::ǻ:   

ZKHUH οZ   ZHLJKW ORVV RI VSHFLPHQ :   ZHLJKW RI WKH
VSHFLPHQ EHIRUH WKH WHVW DQGଶ   ZHLJKW RI WKH VSHFLPHQ
DIWHUWKHWHVW
ο YROXPHORVVRIWKHVSHFLPHQLVFRPSXWHGDV

 ǻ9  ȡ
::   [

ZKHUHɏ GHQVLW\RI WKH VSHFLPHQ7KHUHIRUHZHDU UDWH FDQ
EHFDOFXODWHGDV

VQ
V 6)
ǻ9:  

ZKHUH	୬ QRUPDOORDG1DQGୱ VOLGLQJGLVWDQFHP
C. Coefficient of Friction (COF) 
)ULFWLRQRFFXUVZKHQRQHVROLGVXUIDFHVOLGHVRYHUWKHRWKHU
VXUIDFH 9DULRXV IRUFHV DUH SUHVHQW GXULQJ IULFWLRQ VXFK DV
VWDWLFIULFWLRQDOIRUFHDIRUFHWKDWLVSDUDOOHOWRUHVLVWDQFHIRUFH
>@7KHHTXDWLRQIRUWKHFRHIILFLHQWRIIULFWLRQLVDV
&2) 
1VXUIDFHWKHWRORDGDQJOH5LJKW
)PRWLRQRSSRVLQJRIIRUFH)ULFWLRQ 

RU) 1ZKHUHLVWKHFRHIILFLHQWRIIULFWLRQ
7KH FRHIILFLHQW RI IULFWLRQ LV RQH RI WKH LPSRUWDQW DVSHFWV
WKDW FDQ LQIOXHQFH WKH WULERORJLFDOEHKDYLRXURI WKH OXEULFDQW
7KH IULFWLRQ FRHIILFLHQWZLOO UHSUHVHQW WKH HQHUJ\ ORVV FDXVHG
E\ IULFWLRQ >@ 7KHUHIRUH WKH DGGLWLRQ RI QDQRSDUWLFOHV
HVSHFLDOO\ FRSSHU ,, R[LGH FDQ UHGXFH WKH HQHUJ\ LQ WKH
PHFKDQLFDOORVV7KHORZHUFRHIILFLHQWRIIULFWLRQZLOOJLYHWKH
PD[LPXP IULFWLRQ UHGXFWLRQ DQG EHWWHU ZHDU XVLQJ WKH
OXEULFDQW DGGHG ZLWK WKH DGGLWLYH $FFRUGLQJ WR >@ KLJKHU
IULFWLRQ FRHIILFLHQW ZLOO H[KLELW ORZHU IULFWLRQ UHGXFWLRQ LQ D
FRQWDFW ,W ZLOO DOVR JLYH ORZHU ZHDU ZKHQ XVLQJ FRSSHU
QDQRSDUWLFOHVDWKLJKHUFRQFHQWUDWLRQWKHUHIRUHLWLPSURYHVWKH
WULERORJLFDOEHKDYLRXURIWKHVXVSHQVLRQ


)LJ5HODWLRQVKLSEHWZHHQIULFWLRQIRUFHORDGDQGFRHIILFLHQWRI
IULFWLRQ>@
,, (;3(5,0(17$/352&('85(
A. Nanoparticles and Lubricant 
6SKHULFDOQDQRSDUWLFOHVRIQPLQVL]HZHUHGLVSHUVHG LQ
WKH Syntium 6/ : ZLWK FRQFHQWUDWLRQV RI  ZW
FRQWURO  ZW DQG  ZW LQ VHSDUDWH FRQWDLQHUV
XVLQJDZDWHUEDWKVRQLFDWRU IRUKRXU7KHQDQRSDUWLFOHVDV
DQ DGGLWLYH FRXOG LPSURYH WKH DQWLZHDU ORDGFDUU\LQJ DQG
IULFWLRQUHGXFWLRQ SHUIRUPDQFH RI EDVH RLO $GGLWLRQDOO\
QDQROXEULFDQW FRXOG EH XVHG WR DYRLG VHGLPHQWDWLRQ DQG
DJJORPHUDWLRQ 7KH SURSHUWLHV WHVW IRU WKH QDQROXEULFDQWZDV
FRQGXFWHGEHIRUHWKHH[SHULPHQWVZHUHFRQGXFWHGLQRUGHU WR
GHWHUPLQHWKHSURSHUWLHVRIWKHOXEULFDQWZLWKDQGZLWKRXWWKH
DGGLWLYH
B. Materials and Method 
7KHPDWHULDOXVHGDVDVSHFLPHQZDVDOXPLQLXPZLWK
DGLPHQVLRQRIFP/[FP+[FP:DQGDJUH\
FDVWLURQDVDWRRO$OOFRPSRQHQWVZHUHFOHDQHGXVLQJHWKDQRO
EHIRUH DQG DIWHU XVH DQG WKHQGULHG7KH560ZDVGHVLJQHG
XVLQJ WKH 0LQLWDE VRIWZDUH ([SHULPHQWV ZHUH FRQGXFWHG
XVLQJ D WULERWHVWHU DFFRUGLQJ WR WKH WDEOHRI H[SHULPHQW VHH
7DEOH,,ZLWKWKHUHVSRQVHUHVXOWVIRU&2)DQGZHDU
7KH WLPHIRUHDFK ORDGVWHSZDVPLQXWHV7KHUHZHUH
H[SHULPHQWDOUXQVZLWKORDGVWKDWUDQJHIURP1WR1
IRUDWRWDOWLPHRIPLQ7KHVOLGLQJGLVWDQFHZDV
PP 7KH IULFWLRQ UHFRUGHG E\ WKH $UGXLQR VRIWZDUH ZLOO EH
XVHG WR ILQG WKH FRHIILFLHQW RI IULFWLRQ DV VKRZQ LQ  7KH
ZHDU VXUIDFH RQ WKH VSHFLPHQZDV FKDUDFWHUL]HG XVLQJ 6(0
ZKLOH;5'ZDVXVHGWRGHWHFWWKHHOHPHQWVWKDWZHUHSUHVHQW
RQWKHVSHFLPHQ
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,,,5(68/76$1'',6&866,21
A. Empirical Model and Regression Analysis on 
Tribological Properties 
7KHGHVLJQPDWUL[DQGWKHFRUUHVSRQGLQJUHVSRQVHVIRUWKH
H[SHULPHQWDO VWXGLHVZHUH FDUULHG RXW XVLQJ$129$ )LJ 
VKRZVWKHUHVLGXDOSORWVRIWKH&2)RIWKH&X2QDQRSDUWLFOHV
LQEDVHRLODVDIXQFWLRQRIWKHLQGHSHQGHQWYDULDEOHDQGEDVHG
RQ WKH OLQH LQ WKH QRUPDO SUREDELOLW\ SORW DQG WKH HYHQ
GLVWULEXWLRQRI GDWD LQ WKH YHUVXV ILWV LW FDQEH DVVXPHG WKDW
WKH UHVLGXDOV RI WKH PRGHO IRU WKH &2) ZHUH QRUPDOO\
GLVWULEXWHG
7DEOHV ,,, DQG ,9 SUHVHQW WKH HVWLPDWHG UHJUHVVLRQ
FRHIILFLHQWV DQG DQDO\VLV RI YDULDQFH $129$ IRU WKH
FRHIILFLHQWRIIULFWLRQDQGZHDUUDWHRIWKHQDQROXEULFDQW)URP
WKHVHUHVXOWVWKHSUREDELOLW\YDOXHVSYDOXHIRUWKH&2)DQG
IRUZHDU UDWHZHUH  DQG UHVSHFWLYHO\6LQFHERWK
SUREDELOLW\YDOXHVZHUHORZHUWKDQWKLVPHDQVWKHWHUPV
LQWKHPRGHOKDGDVLJQLILFDQWLQIOXHQFHRQWKH&2)DQGZHDU
UDWH0HDQZKLOHWKHODFNRIILWSYDOXHIRUWKH&2)DQGZHDU
UDWH ZDV QRQVLJQLILFDQW DV WKH\ ZHUH KLJKHU WKDQ  7KH
5VTXDUHGYDOXHZDVVDWLVIDFWRU\DVLWZDVKLJKHUWKDQ
IRUWKH&2)PRGHO+RZHYHU5VTXDUHGYDOXHIRUZHDUUDWH
ZDVOHVVWKDQ,WFDQEHVXPPDUL]HGWKDWWKHHIIHFWRIWKH
LQGLYLGXDO SDUDPHWHUV DQG WKHLU LQWHUDFWLRQV ILW DV D VHFRQG
RUGHUTXDGUDWLFPRGHO7KHUHIRUH WKHJHQHUDWHGPRGHOVZHUH
VLJQLILFDQW(TXDWLRQV  DQG  DUH WKHHPSLULFDO HTXDWLRQV
IRUWKH&2)DQGWKHZHDUUDWHDYHUDJHIRUWKHOXEULFDQWLQWKH
QDQROXEULFDQWPRGHODVDIXQFWLRQRIWKHLQGHSHQGHQWYDULDEOHV
RIORDG/VSHHG6DQGFRQFHQWUDWLRQ&LQFRGHGXQLWV
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
6SHHG&RQFHQWUDWLRQ   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5HVLGXDO(UURU     
/DFNRI)LW     
3XUH(UURU     
7RWDO     
6   5ð   5ðDGM   5ðSUHG   GI 
GHJUHHRIIUHHGRP$GM66DGMXVWHGVXPRIVTXDUHV$GM06DGMXVWHGPHDQ
VTXDUHV

7KH WYDOXH DQG 3YDOXH LQ WKH HVWLPDWHG UHJUHVVLRQ
FRHIILFLHQWRIWKH&2)LQ7DEOH,,,DQGWKHZHDUUDWHLQ7DEOH
,9 GHQRWH WKH VLJQLILFDQW LQIOXHQFH RI HDFK LQSXW YDULDEOH LQ
WKHPRGHOV7KHVPDOOHUQXPHULFDOYDOXHVRISDQGWKHODUJHU
YDOXHVRIWVLJQLI\WKDWWKHUHODWHGUHJUHVVLRQFRHIILFLHQWVDUH
KLJKO\ VLJQLILFDQW >@ 7KH SYDOXH LQ WKH$129$ DQDO\VLV
KHOSVWRGHWHUPLQHZKLFKHIIHFWZKHWKHUIDFWRURULQWHUDFWLRQ
LV VWDWLVWLFDOO\ VLJQLILFDQW :KHQ WKH pYDOXH LV VPDOOHU WKH
SUREDELOLW\ WRPDNH D PLVWDNH LV DOVR VPDOOHU %DVHG RQ WKH
&2)PRGHOV WKH KLJKHVW VLJQLILFDQW OHYHOZDV VKRZQE\ WKH
OLQHDU ORDG IROORZHG E\ WKH TXDGUDWLF ORDG DQG ODVWO\ WKH
TXDGUDWLF VSHHG0HDQZKLOH WKH TXDGUDWLF FRQFHQWUDWLRQ WKH
LQWHUDFWLRQ EHWZHHQ ORDG DQG FRQFHQWUDWLRQ DV ZHOO DV WKH
LQWHUDFWLRQ EHWZHHQ VSHHG DQG FRQFHQWUDWLRQ ZHUH OHVV
VLJQLILFDQW+LJKO\VLJQLILFDQWLPSDFWVWRWKHZHDUUDWHPRGHO
ZHUHGLVSOD\HGE\WKHOLQHDUORDGZKLFKZDVIROORZHGE\WKH
OLQHDU VSHHG DQG WKH TXDGUDWLF ORDG IRU WKH HVWLPDWHG
UHJUHVVLRQ FRHIILFLHQW RI WKH ZHDU UDWH 0HDQZKLOH OHVV
VLJQLILFDQW LPSDFWV ZHUH VKRZQ E\ WKH OLQHDU FRQFHQWUDWLRQ
TXDGUDWLFVSHHGDQGWKHORDGFRQFHQWUDWLRQLQWHUDFWLRQ

B. Response of Wear Rate and Average Control Parameters 
7KHWKUHHGLPHQVLRQDOVXUIDFHSORWVDQGFRQWRXUSORWVRIWKH
FROOHFWLYH LPSDFWVRI WKHFRQWUROSDUDPHWHUV ORDG VSHHGDQG
FRQFHQWUDWLRQRQWKH&2)DQGZHDUUDWHRIWKHQDQROXEULFDQW
DUHVKRZQLQ)LJVDQG7KHORDGZDVPRUHVLJQLILFDQWWKDQ
WKHVSHHGDVVKRZQLQ)LJD7KLVILJXUHVKRZVWKHSORWV
DV D IXQFWLRQ RI ORDG DQG VSHHG RQ &2) DW D PHDQ
FRQFHQWUDWLRQ RI  ZW ,W LV FOHDU WKDW WKH &2) ZDV
UHGXFHG EDVHG RQ WKH ORDG í 1 DQG VSHHG í
USPWKDWZHUHFKRVHQ$VLPLODUWUHQGLVVKRZQLQ)LJF
WKH ORDGFRQFHQWUDWLRQ SORWV IRU ERWK SDUDPHWHUV KDYH VKRZQ
WKHLUHIIHFWVRQWKH&2)RIWKHWULERORJ\LQWKHQDQROXEULFDQW
7KH VSHHG DQG FRQFHQWUDWLRQSORWV LQ)LJ E VKRZ WKDW DV
WKHVSHHGLQFUHDVHVWKH&2)GURSSHGVOLJKWO\0HDQZKLOHWKH
&2) ZDV UHGXFHG WR WKH ORZHVW YDOXH DW D FHUWDLQ
FRQFHQWUDWLRQ 7KHQ LW URVH ZKHQ WKH FRQFHQWUDWLRQ ZDV
LQFUHDVHG HYHQ DW ORZHU VSHHG 7KH ORZHVW &2) RI WKH
QDQROXEULFDQWZDVQRWHGLQWKHFRQWRXUSORWDWDVSHHGRI
USPDQGDFRQFHQWUDWLRQEHWZHHQZW7KH&2)
ZDVUHGXFHGDWDFHUWDLQVSHHGDQGURVHDJDLQZKHQWKHVSHHG
ZDVLQFUHDVHGDWKLJKHUORDGFRQFHQWUDWLRQFRQGLWLRQ
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'XULQJ WKH VOLGLQJ WKH KDUG DVSHULWLHV RQ WKH FRXQWHUIDFH
KDG H[WULFDWHG WKH FRQWDFWLQJ PDWHULDO RQ WKH VSHFLPHQ¶V
VXUIDFHDVZHDUGHEULV,WKDSSHQHGGXHWRWKHGHSRVLWRIVPDOO
IUDJPHQWV RI ZHDU GHEULV EHWZHHQ WKH FRXQWHUIDFH RI WKH
DEUDVLYH DVSHULWLHV WKDW KDG EURNHQ RII IURP WKH VRIWHU
PDWHULDO$FFRUGLQJWR>@WKHQDQRSDUWLFOHVFDQSHQHWUDWHLQWR
WKHFRQWDFWDUHDRI WKHVSHFLPHQDQGGHSRVLWRQLWEHFDXVHRI
WKH VPDOOHU RU VLPLODU VL]H RI WKH OXEULFDQW¶V ILOP WKLFNQHVV
+RZHYHUQDQRSDUWLFOHVPD\DOVRKDYHDGHOHWHULRXVHIIHFWWKDW
FDQ LQFUHDVH IULFWLRQ RU ZHDU LQ VRPH FDVHV 7KH &2) DQG
ZHDUUDWHRI WKH OXEULFDQWFRQWDLQLQJDGGLWLYHZHUHGHFUHDVHG
ZKHQWKHORDGVZHUHLQFUHDVHG7KHSURWHFWLRQOD\HUZDVDOVR
IRUPHGZKHQWKHORDGZDVLQFUHDVHG
7KH UHVSRQVH VXUIDFH SORWV DQG FRQWRXU SORWV SUHVHQWHG LQ
)LJ VKRZ WKH HIIHFWV RI GLIIHUHQW FRQWURO SDUDPHWHU
FRPELQDWLRQVRQWKHZHDUUDWHRI WKHQDQROXEULFDQW7KHORDG
LQWHUDFWLRQ LQ )LJ  D KDV UHYHDOHG WKDW WKHZHDU UDWH ZDV
GHFUHDVHG ZKHQ WKH ORDG ZDV LQFUHDVHG EHWZHHQ  WR 1
0HDQZKLOH WKHLQFUHDVHLQZHDUUDWHZDVREVHUYHGIROORZLQJ
WKHDGGLWLRQRIDSSOLHGORDG7KLVFRXOGEHGXHWRWKHLQFUHDVHG
IULFWLRQEHWZHHQ WKH FRQWDFW VXUIDFH RI WKH VSHFLPHQ DQG WKH
WRRO7KHPLQLPXPZHDUUDWHKDGRFFXUUHGDWD ORDGRI1
DQGVSHHGRIUSP7KHORDGFRQFHQWUDWLRQSORWV LQ)LJ
EKDYHVKRZQWKDWWKHZHDUUDWHKDGVOLJKWO\GHFUHDVHGZKHQ
WKHORDGZDVLQFUHDVHGZKLOHWKHZHDUUDWHKDGUHGXFHGWRWKH
ORZHVW YDOXH DW D FHUWDLQ VSHHG DQG WKHQZHQW XSZKHQ WKH
VSHHGZDVLQFUHDVHGHYHQXQGHUORZORDGFRQGLWLRQV
,Q )LJ  F WKHZHDU UDWH LQFUHDVHGZKHQ WKH VSHHGZDV
LQFUHDVHG ZKLOH WKH FRQFHQWUDWLRQ RI QDQRSDUWLFOHV KDG OHVV
VLJQLILFDQWLPSDFWRQWKHZHDUUDWH7KLVPLQRULPSDFWRQWKH
WULERORJLFDO EHKDYLRXU RI WKH VSHFLPHQPD\ EH GXH WR VRPH
WUDSSHGGHEULV7KHSURWHFWLRQOD\HUZDVQRWIRUPHGGXULQJWKH
IULFWLRQ ZKLFK PD\ KDYH PLWLJDWHG WKH URXJKQHVV RI WKH
FRQWDFWLQJVXUIDFH

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F
)LJ6XUIDFHSORWVDQGFRQWRXUSORWVRIWKHFRPELQHGHIIHFWRIWKHLQSXWYDULDEOHVRI&2)DORDGVSHHGEVSHHGFRQFHQWUDWLRQDQGF
ORDGFRQFHQWUDWLRQ

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E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 
 
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)2&
QRLWDUWQHFQR&
GDR/
XUIDFH6 ORW RI &2) Y3 &RQFHQWUDWLRQ/RDGV
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+ROG9DOXHV
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P1PP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XUIDFH3ORWRI:HDU5DWH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
F
)LJ6XUIDFHSORWVDQGFRQWRXUSORWVRIWKHFRPELQHGHIIHFWRIWKHLQSXWYDULDEOHVRIZHDUUDWHDORDGVSHHGEORDGFRQFHQWUDWLRQDQGF
VSHHGFRQFHQWUDWLRQ



)LJ5HVLGXDO3ORWVRIGDWDREWDLQHGIRUZHDUUDWH

C. Optimization of Tribological Behaviour 
7KH PDLQ DGYDQWDJH RI XVLQJ WKH UHVSRQVH VXUIDFH
PHWKRGRORJ\ LV WKDW WKH UHVSRQVHV FDQ EH RSWLPL]HG E\
FRQWUROOLQJ WKHSDUDPHWHUV7KH WULERORJLFDOSHUIRUPDQFHRID
PDWHULDO GRHV QRW RQO\ GHSHQG RQ WKH FKDUDFWHULVWLFV RI WKH
&X2QDQRSDUWLFOHVEXWDOVRRQWKHORDGVOLGLQJGLVWDQFHVSHHG
DQGRWKHUIDFWRUV,QWKHPDMRULW\RIFDVHVWKHGHYHORSPHQWRI
D QDQROXEULFDQW ZLWK ORZHU ZHDU UDWH DQG &2) LV SUHIHUUHG
EHFDXVHLWFDQSURYLGHORQJHUVHUYLFHOLIH,QWKHSUHVHQWVWXG\
WKH RSWLPL]DWLRQ SURFHVV ZDV FDUULHG RXW ZLWK WKH DLP RI
UHGXFLQJ IULFWLRQ DQGZHDU RI WKH OXEULFDQW XVLQJ WKH VWXGLHG
YDULDEOHV 7KH RSWLPL]DWLRQ RI WKH WZR UHVSRQVHV ZDV
FRQGXFWHG EXW RQH UHVSRQVH ZDV FRPSURPLVHG VLQFH LW ZDV
LPSRVVLEOH WR UHGXFH ERWK VLPXOWDQHRXVO\ ZLWK WKH VDPH
YDULDEOHV

7$%/(9
7$5*(79$/8($1'833(59$/8(2)5(63216(62)1$12/8%5,&$17
5HVSRQVHV 7DUJHW9DOXH 8SSHU9DOXH
&2)  
:HDU5DWH  
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7DEOH9SUHVHQWVWKHWDUJHWYDOXHVDQGXSSHUYDOXHVIRUERWK
ZHDUUDWHDQG&2)RIWKHQDQROXEULFDQWZKLOH)LJVKRZVWKH
RSWLPL]DWLRQ RI WKH UHVSRQVHV RI WKH QDQROXEULFDQW 7KH
SUHGLFWHGRSHUDWLQJFRQGLWLRQVUHTXLUHGIRUWKHLQSXWYDULDEOHV
WR DFKLHYH PLQLPXP ZHDU DQG &2) IRU WKH QDQROXEULFDQW
ZHUH D ORDG RI  1 VSHHG RI  USP DQG
FRQFHQWUDWLRQRIZWZLWKDFRPSRVLWHGHVLUDELOLW\RI

,9&21&/86,21
7KLVVWXG\KDVH[DPLQHG WKHHIIHFWVRIFRQWUROSDUDPHWHUV
QDPHO\ ORDGFRQFHQWUDWLRQDQGVSHHGRQWKH&2)DQGZHDU
UDWH RI D OXEULFDQW DGGHG ZLWK &X2 QDQRSDUWLFOHV 7KH
IROORZLQJFRQFOXVLRQVFDQEHGUDZQIURPWKHILQGLQJVRIWKLV
VWXG\
L 7KH SUHGLFWHG RSWLPL]HG SDUDPHWHUV UHTXLUHG WR SURGXFH
ORZHU UHVSRQVHV RI &2) DQG ZHDU UDWH ZKHQ XVLQJ
QDQRSDUWLFOHVDVDQDGGLWLYHWRLPSURYHWKHOXEULFDQWZHUH
D ORDG RI 1 VSHHG RI USP DQG DW
ZW FRQFHQWUDWLRQ 7KHVH RSWLPL]HG SDUDPHWHUV
SURGXFHGEHWWHUWULERORJLFDOEHKDYLRXUFRPSDUHGWRWKDWRI
WKHSDUDPHWHUVZLWKRXWQDQRSDUWLFOHVDVDGGLWLYH
LL 7KH UHODWLRQVKLSV EHWZHHQ WKH FRQWURO SDUDPHWHUV ORDG
VSHHG DQG FRQFHQWUDWLRQ DQG UHVSRQVHV ZHDU UDWH DQG
DYHUDJH &2)ZLWK &X2 QDQRSDUWLFOHV DV DQ DGGLWLYH LQ
WKHOXEULFDQWJDYHDEHWWHUSHUIRUPDQFHWKURXJKWKHXVHRI
560 7KH SDUDPHWHUV KDG VLJQLILFDQW HIIHFWV RQ WKH
WULERORJLFDOEHKDYLRXURIWKHOXEULFDQW
$FFRUGLQJWRWKHVHUHVXOWVLWFDQEHFRQFOXGHGWKDWWKH&X2
QDQRSDUWLFOHV FDQ EH XVHG DV DQ DGGLWLYH LQ D OXEULFDQW WR
UHGXFHZHDUDQGIULFWLRQ


)LJ2SWLPDOFRQGLWLRQVIRUWKHFRQWUROYDULDEOHVRQWKHZHDUUDWHDQGIULFWLRQUHVSRQVHVRIWKHQDQROXEULFDQW

$&.12:/('*0(17
$XWKRUV ZRXOG OLNH WR WKDQN DQG DFNQRZOHGJH 8QLYHUVLWL
0DOD\VLD 3DKDQJ 803 DQG WKH 0LQLVWU\ RI +LJKHU
(GXFDWLRQ 02+(0DOD\VLD IRU IXQGLQJ WKLV UHVHDUFKXQGHU
WKH +,5 *UDQW DQG WKH ILQDQFLDO VXSSRUW UHFHLYHG IURP WKH
5'8*UDQW9RWH1R
5()(5(1&(6
>@ -DWWL 96 DQG 736LQJK Copper oxide nano-particles as friction-
reduction and anti-wear additive in lubricating oil.0HFKDQLFDO6FLHQFH
DQG7HFKQRORJ\S
>@ (WWHIDJKL (2, HW DO Preparation and thermal properties of oil-
based nanofluid from mult-walled carbon nanotubes and engine oil as 
nano-lubricant.S
>@ /HH . HW DO Understanding the role of nanoparticles in nano-oil 
lubrication.7ULERO/HWWS
>@ 3DGJXUVNDV - HW DO Tribological properties of lubricant additive of 
Fe,Cu and Co nanoparticle.S
>@ <<:X:&7VXLDQG7&/LXExperimental analysis of tribological 
properties of lubricating oils with nanoparticles additive.:HDUS

>@ .RVK\ &3 3. 5HMHQGUDNXPDU DQG09 7KRWWDFNDGEvalution of 
the tribological and thermo-physical properties of coconut oil added 
with MoS2 nanoparticle at elevated temperatures.:HDUS

>@ %DWWH] $+ HW DO CuO, ZrO2 and ZnO nanoparticles as antiwear 
additive in oil lubricants.:HDUS
>@ $EGXOODK 0,+& HW DO Effect of hBN /Al2O3 nanoparticle on the 
tribological performance of engine oil S
>@ =XONLIOL1:0HWDOExperimental analysis of tribological properties 
of chemically modified bio-based lubricant with nanoparticle additives.

>@ .DSVL]00'XUDWDQG))LFLFLFriction and wear studies between 
cylinder liner and piston ring pair using Taguchi Method design method.
$GYDQFHLQ(QJLQHHULQJ6RIWZDUHS
>@ <&KRL HW DO Tribological behaviour of copper nanoparticles as 
additive in oil.&XUUHQWDSSOLHGSK\VLFVS
>@ 6\DLPD 076 HW DO Development of bio-lubricant from Jatropha 
curcas oils.
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>@ ,GULV&HWDOThe effect of diffeerent fuels on wear between piston ring 
and cylinder.S
>@ (WWHIDJKL (RO HW DO Experimental evaluation of engine oil 
properties containing copper oxide nanoparticles as a nanoadditive.
,QWHUQDWLRQDO-RXUQDORI,QGXVWULDO&KHPLVWU\S
>@ $OSDVODQ $WPDQOÕ HW DO Response surface methodology based 
optimization of diesel–n-butanol –cotton oil ternary blend ratios to 
improve engine performance and exhaust emission characteristics.
(QHUJ\&RQYHUVLRQDQG0DQDJHPHQWS
>@ &KDQJ %3 HW DOOptimization on wear performance of UHMWPE 
composites using response surface methodology. 7ULERORJ\
,QWHUQDWLRQDOS
>@ $JDUZDO*$3DWQDLNDQG5.6KDUPDParametric optimization and 
three-body abrasive wear behavior of Sic filled chopped glass fiber 
reinforced epoxy composites. LQWHUQDWLRQDO MRXUQDO RI FRPSRVLWH
PDWHULDOS
>@ 6ULYDVWDYD63Advances in lubricant additive and tribological
7ULERORJ\VRFLHW\RI,QGLD1HZ'HOKL

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